Understanding the long-term effects of concussive events remains a challenge for the development of modern medical practices and the prevention of recurrent traumas. In this study, we utilized indices of oculomotor performance and the ability to react to simple environmental stimuli to assess the longterm motor effects of traumatic brain injury in its mildest form (mTBI). We performed analysis of eye movement accuracy, investigated the presence of abnormal eye movements, and quantified time to react to simple environmental stimuli on long-term mTBI survivors. Results indicated the presence of impairments to basic neural functions used to explore and respond to environmental demands long after the occurrence of mTBIs. Specifically, the result revealed the presence of abnormal saccadic eye movements while performing horizontal smooth pursuit, diminished accuracy of primary saccadic horizontal eye movement, and a widespread slower reaction to both visual and auditory stimuli. The methodology used in this study indicated to be potentially useful in aiding future investigations of neural circuitry impaired by mTBI and provide indices of recovery in future clinical trials testing mTBIrelated clinical interventions.
The application of principles of sensory-motor integration in laboratory settings is not new, but recent technical developments have caused these techniques to become more sensitive and reliable [15] [16] [17] . For example, the use of these principles has allowed the detection of subtle balance impairments in long-term mTBI survivors 18 and abnormalities in coordination of multi-finger force production and control in Parkinson's disease 19, 20 . Studies utilizing indices of oculomotor performance have been no exception; however, its application to cases of mTBI has yielded conflicting outcomes 8, 21, 22 . For example, Kraus et al. 22 found that visually guided saccadic tasks showed longer latencies and reduced accuracy irrespective of the severity of TBI, whereas neuropsychological testing was only impaired in the moderate to severe individuals with TBI. Similarly, Suh et al. 23 investigated smooth pursuits and reported decreased target prediction in mTBI primarily due to increased eye position error and variability, but they failed to see general oculomotor impairment (eye gain) or reduced IQ in mTBI.
One important factor to consider as a potential cause for this broad range of outcomes is the methodology used in these studies, including their inclusion/exclusion criteria, discrepancies in analytical procedures, and sensitivity of metrics of interest. Our study was designed to address the feasibility of oculomotor performance and one's ability to react to simple environmental stimuli to distinguish the presence of long-term effects of traumatic brain injury in its mildest form. Here we assessed patterns of oculomotor tracking while performing horizontal smooth pursuit tasks, horizontal saccadic movements, and simple reaction times to visual and auditory stimuli. We hypothesized that long-term effects of mTBI will include significant reductions in eye-tracking accuracy and a widespread delay in reaction times to both auditory and visual stimuli.
Results
Performance of Horizontal Smooth Pursuit at 0.10 Hz. Figure 1 shows actual recordings of the combined eye angular displacement (blue trace) of three participants during the execution of this task. Recordings obtained from a control participant are displayed in panel A, while panels B and C show the recordings from two participants with a history of mTBI. Note that oculomotor performance on panel B is easily discernible from the control by its larger deviation of the eyes from the target (black trace). This inaccuracy was accompanied by abnormal high-speed short shifts (orange markers) recognized as intrusive abnormal saccadic movements. This later effect was also present in recordings shown in panel C. The presence of these two characteristics was found to be a significant discriminating factor between the two groups studied (Controls vs mTBI). Specifically, mTBI participants were found to be significantly less accurate in following the target (p = 0.0289) and presented with a significantly larger presence of intrusive saccades (p < 0.0001). No significant indications of phase shift between the target and the eyes or significant asymmetries were found between the two groups (p = 0.5064 and p = 0.4046, respectively). Table 1 shows medians and quartiles recorded for each variable of interest and the two groups. Performance of Horizontal Saccadic Movements. Figure 2 (panel A) shows an actual recording of a control participant performing the horizontal saccadic task. Overall accuracy of saccadic movements was found to be similar between the two experimental groups and no asymmetries between right and left eyes were found within any of the groups (p > 0.05). However, a significant reduction of accuracy was found for the initial phase of the saccadic movement ( Fig. 2, panel B ). Additionally, a significant increase in the time to initiate the saccadic movement (Reaction Time Saccade) was recorded for the mTBI group ( Fig. 2 . No significant differences were found between right and left eyes between the mTBI and healthy controls ( Fig. 2 , panels A and B). Table 2 shows medians and quartiles recorded for each variable of interest across participants. Figure 3 shows the medians, quartiles, and averages recorded for the two experimental groups and conditions (Visual and Auditory). Average delays of 44.97 ms and 43.53 ms were found in the mTBI group when compared to healthy controls for both visual (M = 250.03 ms, SD = 24.85 ms) and auditory reaction times (M = 211.00 ms, SD = 31.18 ms). These delays were confirmed to be significant by two independent Mann-Whitney U tests ran on Reaction Time Visual and Reaction Time Auditory indices (p < 0.001 and p = 0.0055, respectively). Table 3 show medians and quartiles recorded for Reaction Time Visual and Reaction Time Auditory across participants.
Reaction time to single environmental stimuli (visual and auditory).

Neurobehavioral Symptoms Inventory.
Recording of current symptoms allowed us to confirm the presence of long-term effects following mTBIs. Table 4 shows averages and standard deviation of scores obtained for the two groups from self-reports of symptoms felt along two weeks prior to the experimental session. Multiple symptoms affected our mTBI cohort including difficulties falling or staying asleep, headaches, irritability, poor concentration, difficulty remembering information and making decisions, slowed thinking, poor coordination, changes in appetite, and hearing and vision difficulties. These findings were confirmed by a series of two-tailed student's T tests (Table 4 ). A significant increase in the total scores of neurobehavioral symptoms recorded for the mTBI participants was found (p = 0.0015).
Discussion
This study was designed to employ indices of oculomotor performance and one's ability to react to simple environmental stimuli to identify the presence of impairments of these functions long after a mild traumatic brain injury (mTBI). Overall, our hypotheses were supported and our results provide evidence of specific changes in the measures of eye tracking accuracy, widespread delays in reaction times, and significant adaptations to normal patterns of eye tracking movements. These findings are in line with actual neurobehavioral symptoms reported by the mTBI group.
The ability to track objects in the environment is an important feature for humans to interact with their surroundings. In particular, the ability to recognize the presence of an environmental hazard is directly linked to our ability to fix our gaze on a target, recognize the threat, and implement a plan of action. Therefore, the central nervous system (CNS) is imposed with a series of tasks and time constraints that require a harmonic integration of several neural centers located in multiple regions and linked through an efficient transmission of information. Results uncovered in the present study suggest CNS impairments in individuals with mTBIs long after the last traumatic episode. Although this suggestion has been offered by previous studies, the metrics presented here are relatively easier to obtain for clinical use that represents a significant step forward in the diagnosis and monitoring of recovery rates.
Saccadic intrusions (irregular episodic occurrences of fast eye movements) are classified according to whether or not the intrusive saccades are separated by a brief interval in which the eyes are stationary. Until recently, significant alterations in reflexive saccades have only been demonstrated in severe TBI 9 . Complex saccade measurements, such as anti-saccades, have shown saccade alteration in mTBI 24 . Pearson and colleagues 25 found saccadic reaction times were delayed in mild TBI in a completely reversible manner following boxing. Mullen et al. 26 confirmed that saccadic reaction times are prolonged in mTBI patients within one week following injury but resuming to normal levels three weeks after injury. Heitger et al. 27 reaction time measured approximately four to five months following injury between cases of mTBI with prolonged symptoms and patients who had recovered.
In the present study, the mTBI group revealed a significant larger presence of saccadic intrusions during the execution of smooth pursuit several months after the last injury. Even though the presence of these saccadic intrusions (<20%) are considered to be beneficial to correct velocity mismatches between eye and target, its excessive presence can be detrimental for maintenance of gaze fixation and image interpretation 28 . For example, the excessive presence of saccadic movements during smooth pursuit can potentially shorten fixation times and interfere with semantic recognition and interpretation. This is due to erratic eye movements that drives gaze away from the intended targets too often. Similarly, the excessive presence of these saccadic intrusions can interfere with someone's ability to judge the speed of approximation of an object, increasing the chance of new traumatic events. Although this study was not designed to test such hypotheses, our results show the potential for this type of testing to be used clinically to aid the diagnostics of late impairments of concussive syndrome.
It is important to emphasize that our mTBI cohort reported the presence of visual problems (often referred to as visual discomfort) in the Neurobehavioral Symptoms Inventory. Despite the absence of an in-depth optometric evaluation in our methodology, all volunteers wore their corrective lenses during experimental sessions. In addition, any volunteers showing signs of impaired visual acuity during the experimental sessions (e.g., double or smeared vision of the target, or impairment of depth perception) were not included in this study. Taken together, these observations allow us to suggest that the visual discomfort reported may arise from impaired abilities in gaze fixation rather than from inability to focus an image on the retinal surface.
In this study, we also found that mTBI survivors took a longer time (longer latencies) when reacting to simple environmental stimuli. In fact, all three indices recorded (Reaction Time Visual, Reaction Time Auditory, and Reaction Time Saccade) were found to be significantly longer in individuals with a history of mTBI when compared to the healthy controls. These observations suggest a widespread impairment in either processing or conduction of information across systems involved in the process of sensory-motor integration. For example, considering the lack of anatomical abnormalities in many of mTBI cases 11, 29 , motor impairments resulting from mTBI may result from deficits rooted to the system of conduction, by which neural centers exchange information during the process of sensory-motor integration. This point of view has gained support from contemporary observations 30, 31 .
Previous studies have shown that decrease in reaction time is closely linked with anatomical abnormalities in the corpus callosum (CC) and the superior longitudinal fasciculus (SLF). For example, Hulkover et al. 31 compiled results from a large cohort of 100 studies that utilized MRI images (e.g., fractional anisotropy). The results suggested the existence of white-matter abnormalities in important areas for the integration of neural information within and between the two brain hemispheres. In fact, this study revealed the CC and both the superior and inferior longitudinal fascicules as the most common locations for abnormal readings of fractional anisotropy. This finding is of interest because the CC has recently been linked to its role in successful execution of bimanual coordination during motor actions [32] [33] [34] . According to Shen et al. 34 , a stable interaction of the two hemispheres is achieved thorough the homotopic projections of the CC, and movement coordination is then optimized. Caeyenberghs et al. 32 studied survivors of closed head traumas, and these survivors revealed significant lower Table 2 . Medians and quartiles (25 th and 75 th ) across participants from Control and mTBI groups for variables of interest recorded during the execution of the horizontal saccadic movements task. values of fractional anisotropy in the CC fibers connecting both pre-frontal cortices, both primary sensory cortices, and parietal cortical areas. They also exhibited significant slower movement time, longer time to switch to a new motor task, and poorer performance during the execution of the Purdue Pegboard test.
In addition to the CC, the SLF is also considered an important intra-hemisphere association pathway establishing connections between postrolandic regions and the frontal lobe 35, 36 . This pathway is usually differentiated into four bundles of white matter conveying important information about the perception of the visual space (SFL subdivision II, SFL-II). This type of perception has been considered of importance to the organization of motor commands in humans due to its ability to provide a reliable neural representation of body configuration with regard to the external environment [37] [38] [39] [40] [41] . Recently, Danna-dos-Santos et al. 17 showed that even a short-term absence of visual information could generate changes in neural mechanisms possibly related to the formation of multi-muscle synergies among postural muscles in healthy adults. Additionally, injuries to the caudal parietal area (SFL-II posterior origin) have been recognized as the possible cause for severe impairment in spatial attention 42 , while long-term mTBI survivors (up to 12 months post single head trauma) have consistently exhibited significant delays to recognize simple visual patterns when compared to healthy controls 43 .
It is also important to note that delayed reaction time may also occur due to impaired abilities of certain brain centers to elaborate responses. Lew et al. 44 reported that individuals with TBI demonstrated significantly poorer performance in electrophysiological responses including diminished amplitudes and prolonged latencies in P 300 responses. This observation indicates impaired organization and categorization of incoming sensory information, and prolonged behavioral reaction times that suggests slowing in the response execution process. Madigan et al. 45 demonstrated modality (visual and auditory) effects on speed of information processing performance in individuals with moderate to severe TBI. More specifically, their report provides evidence of a disproportionately slower rate on the auditory task, relative to the visual task, followed by TBI. This finding is particularly consistent with the results produced by our study where the auditory reaction time were found to have longer delays than visual reaction times. Our finding is unique as we found slower reactions to be present in mild cases. There are several possible explanations exist regarding the disproportionate slowing effect seen in the mTBI group. First, it may be that the auditory system is more vulnerable to damage than the visual system following a traumatic event. Temporal cortical regions, along with frontal regions, are especially vulnerable to insult in head injury, due to the proximity of these brain regions with bony skull protrusions and the mechanical forces involved in decelerating injuries 46 . Given the role of temporal regions in auditory functions, this explanation may account for the greater slowing observed in the TBI group on the auditory task. A second possible explanation is that the auditory and visual systems are differentially related to two distinct working memory systems. Baddeley's model of working memory suggests the existence of a central executive system controlling two systems processing modality-specific information in working memory-the phonological loop and the visuospatial sketchpad 47 . Thus, following a traumatic insult, there may be a greater deficiency in the auditory component of working memory and a relative sparing of the visuospatial component.
A recent study by Ettenhoffer and Bardy 48 has also uncovered significant increased latencies to the initiation of saccadic movements on long-term mTBI participants. This effect was found to be extensively more prevalent when compared to control participants, in particular, to those whom mTBI were more susceptible to attentional interferences. Their results also suggested that delays of this nature may be suggestive of difficulties with sustained attention and temporal anticipation of visual targets, supporting the rationale that their interaction with environmental hazards may be impaired when compared to healthy controls. Ettenhoffer and Bardy 48 also demonstrated that initial information oculomotor impairments appear to be more common among those with a history of multiple mTBIs and those reporting high levels of chronic symptoms. These latter observations are particularly important to our results since our sample represents an mTBI group with an average of two or more traumatic episodes, and therefore, a potential cumulative impact of concussive events may have improved our ability to capture the impairments found in our study.
Lastly, the present study showed that individuals with mTBI also revealed a significant reduction on the displacement of the initial phase of the saccadic movement without significant changes in the final accuracy of these movements. Together, these findings suggest a potential change in movement strategy to perform gaze shifts where accuracy becomes more dependent on the correctional (secondary) phase of the saccadic movement. Similarly, diminished accuracy in ballistic saccadic movements has been reported in previous studies. Cifu et al. 8 studied components of volitional saccadic movements and found mTBI survivors shift their gaze at slower speeds and similar reduction of displacement on its primary phase. However, contrary to our findings, the same authors reported a reduced accuracy on the overall gaze shift. This contradiction may be related to differences in average time from the last traumatic event among studies. In this present study, participants were exposed to their last traumatic event much longer than participants from other studies, which may have allowed a potential recovery of final accuracy.
Materials and Methods
Participants. Seventy An experimental group (mTBI) was formed by thirty-six individuals (twenty-two females and fourteen males; M = 26.6 years of age; SD = 9.2 years) with a history of single or multiple mild traumatic brain events. This cohort included traumatic occurrences from sports related activities, motor vehicle accidents, and military operations. Thirty-three individuals suffered mTBIs from direct impact and eight from blast induced traumatic events 49 . The average number of previous concussive events was 2.47 (SD = 1.95), and the average time elapsed between the last traumatic episode was 43.11 (SD = 52.45) months. Inclusion criteria for this group followed the standard classification proposed by the American Psychiatric Association as published in the Diagnostic and Statistical Manual of Mental Disorders 50 and included (a) mTBI caused by either direct impact or blast-induced closed head trauma; and (b) presence of one or more of the following manifestations after the mTBI episode: confusion or disorientation, loss of consciousness for 30 minutes or less, post-traumatic amnesia for less than 24 hours, Glasgow Coma Scale score of 13-15 after 30 minutes post-injury or later on presentation for health care, and/or other transient neurological abnormalities such as focal signs, seizure, and intracranial lesion not requiring surgery. Exclusion criteria included the following: (a) manifestations of mTBI caused by drugs, alcohol, medications, and other injuries or treatment for other injuries (e.g., systemic injuries, facial injuries, or intubation); (b) other potentially confounding issues (e.g., psychological trauma, language barriers, or coexisting medical conditions); (c) history of penetrating cranial injury; (d) history of any type of neurosurgery; and (e) abnormalities of cranial nerve functions.
A control group (Control) was formed by thirty-six healthy individuals (twenty-four females and twelve males; M = 24.8 years of age; SD = 6.6 years). The exclusion criteria for the control group included the following: (a) previous history of head trauma, traumatic brain injury (including cerebral vascular accident), epilepsy, or seizure disorders; (b) history of substance abuse (drugs, alcohol, or controlled medication); (c) symptoms of psychological trauma such as panic attacks, frequent nightmares, insomnia, loss of self-esteem, anxiety, anger, frequent depression, feelings of despair, or emotional detachment; (d) previous history of peripheral neuropathy (including loss/decreased sensory or motor function in the upper extremity), acute upper extremity injury, recurring and/or unexplained headaches, cardiac pacemaker, pulmonary disease, or metallic implants in head, spine, or upper extremity; (e) history of any type of neurosurgery; and (f) abnormalities of cranial nerve functions. The ratio between males and females between groups (Control and mTBI) were found to be comparable (X 2 (1) = 0.113, p = 0.737). Mean ages were also found to be comparable (t(63) = 0.96, p = 0.342).
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Materials and
Procedures. An I-Portal system and VEST Neuro-Otologic Analysis Software (Neurokinetics, USA) were utilized to record and analyse all variables of interest. Prior to data recording, each participant went through a general neurological screening, then provided self-reports utilizing Neurobehavioral Symptom Inventory (NSI) to record their prevailing current symptoms. No time constraints for providing NSI information were stipulated. Participants who met the established inclusion and exclusion criteria were tested in an area free of noise and distractions. Figure 4 (panel A) illustrates the experimental set-up. Participants remained seated for the whole experimental session while the positional coordinates of pupils of both eyes were recorded at a rate of 100 Hz by two dedicated cameras embedded in customized goggles. These coordinates were used to calculate the angular position of each eye with respect to the center of the visual field. Visual stimuli were applied by projecting a monochromatic laser (wavelength of 671 nm) target at eye level on a white plane surface 1 meter from the participants in a dark room. The laser emitter was securely placed to a vertical column localized behind the participant with a dedicated servomotor to allow presentation of the target on multiple areas of the visual field. The laser emitter and all cameras were calibrated to the same space of the visual field: a 90 cm × 90 cm (width x height) area with its center coinciding with the center of the visual field.
During the performance of both smooth pursuit and saccadic tasks, all participants were instructed to track the projected laser target with their eyes while head movements were not allowed. A moulded headrest was used to support, align, and constraint the participant's head. During the execution of both visual and auditory simple reaction time tasks, a simple two-buttons remote control (Fig. 4, panel A) was used. Participants were instructed to use their dominant hand to press on one of the buttons as fast as possible after the recognition of the stimulus. During the entire recording session, the lights of the testing room remained off to allow optimal target presentation and no ambience distraction.
Protocol and Variables of Interest. The experimental protocol was initiated by the calibration of recording systems and the laser emitter to the center of the visual field. The following experimental procedures were then conducted: (1) Performance of Horizontal Smooth Pursuit. A continuous visual stimulus (a projected laser target) was presented along the horizontal line of sight within a range of 20° (−10° to 10°; Fig. 4, panel B ). Participants were instructed to focus their gaze at the stimulus at all times and track its displacement along the entire range as close as possible until the completion of twelve full cycles. (Fig. 4, panel B ). Gaze angular displacement randomly varied from 2° to 35° in both right and left directions. Each stimulus consisted of a single laser point projection lasting 3 s when participants were asked to focus their gaze directly at the target until another stimulus was presented. When presented with a subsequent target, participants shifted their gaze as fast and as accurately as possible. Variables of interest included the time elapsed from stimulus presentation to the initiation of gaze shifting (Reaction Time Saccade), the accuracy of initial phase of horizontal saccade (Accuracy Initial Phase Saccade), and the overall accuracy of saccadic movement to reach the target (Overall Accuracy Saccade). (3) Reaction time to single visual stimuli. A series of ten single visual stimuli was presented independently and at the center of the visual field. Each stimulus consisted of a single laser projection lasting 2 s. Participants were asked to react as fast as possible by pressing on an instrumented button ( Fig. 4, panel A) with the thumb of their dominant hand. Time between stimuli randomly varied between 0.5 s and 3 s to avoid any anticipation. Index of interest represented the time elapsed from stimulus presentation to the time the button was pressed (Reaction Time Visual). (4) Reaction time to single auditory stimuli. A series of ten single-tone auditory stimuli was generated independently behind the participant and at a symmetrical distance from both ears. Each stimulus consisted of a loud computer beep lasting 0.2 s. Similar to the previous task, participants were asked to react as fast as possible by pressing on the same instrumented button ( Fig. 4, panel A) with their thumb. The time between stimuli randomly varied between 0.5 s and 3 s to avoid any anticipatory effect. Variable of interest represented the time elapsed from stimulus presentation to the time the button was pressed (Reaction Time Auditory).
Statistical analyses.
A series of Kolmogorov-Smirnov tests was utilized to check the normality in the distribution of each set of variables recorded. Due to the lack of normality features in the distribution of multiple data sets, non-parametric tests were employed (Mann-Whitney U tests) to test potential statistical differences between the variables of interest (Accuracy Smooth Pursuit, Intrusive Saccades, Reaction Time Saccade, Accuracy Initial Phase Saccade, Overall Accuracy Saccade, Reaction Time Visual, and Reaction Time Auditory) recorded for both experimental groups. Two-tailed (non-paired) student's t tests were performed to test for potential statistical differences on the severity of symptoms recorded by the Neurobehavioral Symptom Inventory between the two experimental groups. All statistical tests were performed using the Minitab statistics software version 17 (Minitab, USA) while keeping the level of significance at 5% (0.05).
